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Synopsis: The paper will describe the testing of 18”(457mm) to 28”(711mm) V-
Cone Meters over a wide Reynolds Number range to determine the Discharge
Coefficients. These results will be presented in graphical form.

The tests were undertaken in the CEESI lowa Natural Gas Test Facility and details of
this laboratory are given in the paper. The calibration philosophy and the
uncertainties achieved will be described. The measurement assurance program for
this facility was used during these tests and this will be described.

1. Background

McCrometer received an order for 25 V-Cone meters for natural gas transmission.
These meters ranged in size from 18”(457mm) to 28”(711mm) flange class 900Ibs.
The V-Cones meters require to be individually calibrated to guarantee an uncertainty
of 0.5%. However, the customer did not require such an uncertainty and decided to
take a sample from each line size. For one line size (267, 660mm) it was decided to
select 2 meters, which were ostensibly the same, and determine the spread in
results for the two meters.

To test large meters, 28”(711mm) in natural gas in the American continent restricted
the choice of laboratory and it was decided to test the meters in the CEESI lowa

facility, which tests using natural gas.

As the laboratory is traceable to the USA National Standard this was acceptable to
the international gas company.

This paper describes the lowa facility, details of the meters tested, and the results
achieved for the discharge coefficient over the flow range specified by the customer.

2. lowa Test Facility

The lowa calibration facility, designed primarily to accommodate large ultrasonic
meters, has been operational since March 1999. The facility is located adjacent to a
custody transfer meter station, which is on a 42” (1067 mm) pipeline operated by
the Northern Border Pipeline Company. The basic layout is shown in Figure 1.
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One 42” (1067 mm) pipeline enters the facility at A while three pipelines exit the
facility at B, C, and D. The nominal diameters are 30” (762 mm) for B and D and 36~
(914 mm) for the pipeline exiting at C. A flow regulating station (valves V4, Vs, and
V) is located within the facility on pipeline D. As part of their normal operation,
Northern Border controls flow through pipelines B, C, and D.

Flow Direction

1067 mm ()

—_—
Vi

[<] 762 mm @
Wz

P 914 mm ©

i Vo [
< P D‘\}—|
. Vi 5
762 mm P SIS P SO ™—D)

|t | L] LA
; Wi = T
> |

}7 v
Flow Regulaling Station Vio A AT

1 = A My o
] E—ﬁ }— 305 mm—{ 508 mim % s
P — 7 o Ve e
= B 305 mm—{ < 610 mm P
762 Y8 b
Turbine Meter Standards 1..9 mm A

e 7 . Test Sections
—[“\'—EA( X }—305 mm—{>< ]

Fig 1 lowa Test Facility

The gas that bypasses the pipeline flows through a parallel array of nine 12” (305
mm) turbine meters which serve as flow standards. Each turbine meter has been
installed in accordance with the industry standard. One or more turbine meters are
opened to achieve a particular flowrate, double block and bleed valves isolate those
turbine meters not in use. Turbine meters are selected such that flowrate is always
measured with the lowest possible uncertainty. Operating with all nine turbine
meters at full capacity results in a test section flowrate of 22,500 ft2/min (38,200
m>/hr). The gas exits the turbine meter array and flows through one of three test
sections. Three test sections allow for the calibration of a range of meter sizes and
installation conditions. Each test section contains an ultrasonic flowmeter check
standard that is part of the Measurement Assurance program described below. With
normal pipeline operation the test section pressure is between 1000 and 1100 psia
(6.9 and 7.6 MPa). A fourth, smaller test section is available for calibrating at very
low flow rates. It is not discussed in the present paper.
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For meters smaller than 16” (406 mm), the gas flowing through pipeline D is
directed through the turbine meter standards and then into the test section. Valves
V; and V, are open, valve Vs is closed, while valve Vg is always open. For higher
velocities through meters 16” (406 mm) or larger, the gas flowing through pipelines
B, C, and D is directed through the test facility. Valves V; and V, are closed, valves
V3 and Vg are open. Primary flow control is achieved using valves V4, Vs, and Vs.
Secondary flow control, if required, is achieved using valves V7, Vg, or V.

The turbine meters, check standards and test sections are provided with pressure
and temperature measurements. A gas chromatograph is located on the gas pipeline
as part of a custody transfer meter station. These measurements are used to
calculate gas densities (using AGA 8) at the different meters. The volume flow
through a meter under test is calculated from:

o]
aridy Eqg. 1

Qvo: flowrate through meter under test
?0: density at meter under test

qvi: flowrate through one turbine standard
? i: density at one turbine standard

The performance of the pressure, temperature and composition measurements are
monitored as part of the Measurement Assurance program described below.

3. Uncertainty Analysis

The uncertainty of the lowa facility is detailed in Reference 1. That analysis resulted
in an estimated uncertainty in test meter K Factor of £0.23% at a 95% level of
confidence. This value is made up of the following components:

3.1 Turbine array volumetric flowrate, u = 1792 ppm = £0.179%

3.2 Test meter K Factor, u = £824 ppm = *=0.082%

3.3 Turbine array & test section temperature measurement, u = *644 ppm =
+0.064% (each)

3.4 Turbine array & test section pressure measurement, u = £556 ppm =
+0.056% (each)

3.5 Turbine array & test section state equation, u = £58 ppm = +0.006% (each)

3.6 Turbine array & test section gas composition, u = £34 ppm = +0.003%
(each)

Each turbine meter was calibrated in the CEESI Colorado facility. Item 1 includes the
uncertainty associated with this process as well as the random effects associated
with the use of the turbine meters. Items 3-6 account for the determination of
density values in Eq. 1.

The uncertainty components are highly correlated because the changes in pressure,
temperature and composition between turbine array and test section are very small.
The result of this correlation is to significantly reduce the uncertainty components
identified as Items 3-6 above. Additional details are provided in Ref. 1.
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Item 3.2 in the uncertainty analysis accounts for several effects present in a “typical”
ultrasonic meter:

3.2.1 Hydrodynamic effects
3.2.2 Interaction between the flowing gas and ultrasonic signals
3.2.3 Data acquisition and processing.

This component is included in the analysis for two reasons. First, these effects are
present in every set of calibration results and they are difficult to “remove” from the
uncertainty analysis. Second, the uncertainty in meter K Factor is more valuable to
the customer because it includes the performance of their meter.

4. lowa Measurement Assurance Program

An extensive Measurement Assurance Program (MAP) has been implemented in the
lowa facility. There are two objectives in the CEESI lowa MAP: The first objective is
to assure that the measurement process is operating consistently. The second
objective is to provide data for the uncertainty analysis. The MAP has been designed
based on Reference 2 and it is described in Reference 3.

The main component of the MAP is the use of check standards. Each test section
includes an ultrasonic meter check standard that is present during each calibration.
Over time historical data have been accumulated on each check standard and typical
performance has been quantified. At the conclusion of a customer calibration the
consistent performance of the check standard provides assurance that the entire
calibration process is also operating consistently. The formal tool used to monitor the
check standards is the control chart, additional details are contained in Ref. 3.

While the check standards monitor the entire calibration, several programs are in
place to monitor the individual components. The turbine substitution test identifies
the performance of individual turbine meters relative to each other. The critical
pressure and temperature measurements are made with redundant instruments.
Control charts are used to monitor the transducer pair differences. Finally, the
weekly calibration results for the gas chromatograph are monitored using control
charts. Additional details are contained in Ref. 3.

5. Uncertainty of the Meters Tested

This section provides a brief summary of the uncertainty in the value of discharge
coefficient. The lowa facility uncertainty analysis, described above, needs to be
modified slightly for the present test results. First, the “Test meter K Factor” needs
to account for a V-Cone, instead of an ultrasonic meter. Second, additional
uncertainty components are required to account for density and differential pressure.

The equation for volumetric flow through a V-Cone is:

_p d*C,Y [2DP
q, =——,|— Eq. 2
4 1-p* \ T
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Solving for Cy:

4qv1/1 b*
C Eq. 3
d- 2DP

The variables that contribute uncertainty to discharge coefficient are q,, ? and ?P.
The variables d, B and Y are assumed to contribute no uncertainty so long as
consistent values are used. The uncertainty in g, is u = 0.23% assuming the V-Cone
performance is similar to that observed with ultrasonic meters. The similarity in
performance is discussed below.

The uncertainty contributed by density and differential pressure are made up of the
following components:

5.1 Differential pressure transducer, u = +0.25%
5.2 Pressure transducer, u = £0.25%

5.3 Temperature transducer, u = +0.08%

5.4 Gas chromatograph, u = +£0.50%

5.5 AGA 8 equation of state, u = £0.10%

The numerical values, determined from manufacturer’s specifications, are stated at
95% levels of confidence.

The following sensitivity coefficient are applied when combining the uncertainty
components®*:

Tar _os TCaDP_ oo TCady

5, 5, =10
r Cq 1DP C, 1q, Cq

Combining all the uncertainty components results in the uncertainty in discharge
coefficient of u = = 0.39% (95% confidence).

6. Choice of V-Cone Meters for the Gas Transmission Line

The meters required for the Natural Gas Transmission lines were class 900 Ib and the
sizes were as follows:

No of
Size Meters
18”(457mm) 2
20”(508mm) 1
24”(610mm) 6
26”(660mm) 11
28”(711mm) 5

The Oil Company and the contracting firm wanted to meter the gas as economically
as possible, both in terms of Capex and Opex. For a low Capex this demanded

meters, which would be competitively priced but in addition the installation cost
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would be low. The V-Cone met this requirement as the cone conditions the flow and
reduces the pressure loss. This means that short upstream lengths can be tolerated
to achieve an acceptable uncertainty in measurement.

The Opex costs are also relatively low since with low-pressure drop the pumping
costs are reduced. As he actual Secondary instrumentation consists of Temperature,
Pressure and Differential Pressure transducers these can fall under the standard
instrumentation Quality Control cycle.

The added value with the V-Cone, in this plant, is that it is very forgiving when the
gas is wet. The liquid can flow along the pipe wall past the cone and there is no build
up of liquid in the flow meter.

One major cost concern with the V-Cones was the requirement to have the meters,
or at least a selection of them, flow calibrated. Although this would also be the case
for Venturi, Ultrasonic and Turbine Gas Meters it would not be the case for orifice
metering. This factor leads to the Testing Program discussed in Section 8.

7. Sizing the V-Cone Meters

Six of the Sizing Sheets are in the Appendix. These are the meters, which were flow
tested at lowa and are an example of all the 25 meters.

The customer wanted a 10:1 turn down ratio and a relatively high Re, with some
meters as high as 9e+07. In addition there was a requirement for as low a head loss
as possible. These requirements resulted in a beta ratio in many cases of 0.8, which
for the V-Cone means that there is a relatively small cone and a large open area. For
low uncertainty with the V-Cone this is the largest value one would want.

Fig 2 is a drawing of the 28” (711mm) V-cone meter, which was supplied. It will be
noted that there are gussets welded onto the cone and this is always done on 8”
(203mm) meters and larger. In addition McCrometer does a stress analysis for all
their meters and for this particular contract the stress and vibrational analysis was
also provided to the customer.
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8. Decision on which meters should be flow tested in Gas

The customer was not prepared to pay for the gas testing of every meter and
accepted that there would be additional uncertainty in the Cy value for the meter,
which were not tested. This could be as much as 3 to 5% due to manufacturing

tolerances.

From the table of meters and the manufacturing of the meters it was apparent that
as the meters are a similar size, testing of a sample should give an indication of the
possible spread of results for the untested meters. The decision was taken to test the

following meters:
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Drawing of the 28”(711mm) V-Cone Meter

No of No of Meters Flow
Size Meters Tested
18”(457mm) 2 1
20”(508mm) 1 1
247(610mm) 6 1
26”(660mm) 11 2
28”(711mm) 5 1
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Apart from the fact that there are more 26”(660mm) meters, this size falls
comfortably between the 24” (610mm)and the 28”(711mm) meters and strengthens
the understanding of the C4 value achieved.

Duplicating the testing of this size gave a measure of the scatter in the results with 2
meters, which have been manufactured to the same requirements.

9. Graphs of the Discharge Coefficients (Cy) against Reynolds
Number (Re) for the Flow Tests

Note: In the following graphs the dotted lines are at +/- 2
Standard Deviations (+/- 25s)

18" 0.8 Beta V-Cone Meter
S/N 02-0557

Cd = 4E-11(Re) + 0.7749 + 25

0.780 1 /

Discharge Coefficient
o
\‘
\l
(6)]

0760 T T T T
0 20 40 60 80 100
Reynolds Number [millions]

Fig 2 187(457mm) Meter 02-0557
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Fig 3 20”(508mm) Meter 02-0559
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Fig4 24”(610mm) Meter 02-0535




FLOMEKO 2003
11th IMEKO TC9 Conference on Flow Measurement
Groningen, NETHERLANDS, 12 - 14 May 2003

26" V-Cone Meter S/N 02-0538
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Fig 6 26” (660mm) Meter 02-0547
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Fig 8 The two 26”(660mm) Meters plotted together
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26" 0.8 Beta V-Cone Meters Combined Data Sets
S/N 02-0538 & S/N 02-0.547

0.810
0.805 T Cd = 6.9E-11(Re) + 0.7916
0.800 T
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0.790 T
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Fig 9 A common equation and error band for the two
267(660mm) Meters

10. Table of Results from lowa — using all the results

Size | Serial No [ Ave. Cq| Total Spread | % Spread
18"(457mm) 02-0557 0.7773 0.00397 0.5107
20"(508mm) 02-0559 0.7972 0.00507 0.6356
24"(610mm) 02-0535 0.7999 0.00754 0.9425
26"(660mm) 02-0538 0.7937 0.00634 0.7988
26"(660mm) 02-0547 0.7778 0.00657 0.8446
28"(711mm) 02-0552 0.8026 0.00377 0.4697
All data
26"(660mm) 0.7920 0.00878 1.1085
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11. Calibration Results

The calibration results are symbolized by open circles in Figures 2 to 9. The dotted
lines represent 95% confidence intervals about the best fit straight lines. These
intervals were calculated to contain 95% of the data points. For three of the meters
(serial numbers 02-0535, 02-0538, and 02-0559) the slightly nonlinear low flow
conditions were excluded from the analysis. The interval widths are tabulated below.

. Interval . Interval
Size S/N Width [%6] Size S/N Width [%6]
28” 02-0552 + 0.147 24” 02-0535 + 0.203
26” 02-0547 + 0.118 20" 02-0559 + 0.171
26” 02-0538 + 0.149 18” 02-0557 + 0.169

The three larger meters exhibit performance comparable to the typical ultrasonic
meter. The interval width is less than or equal to + 0.15%, the typical magnitude of
scatter observed in an ultrasonic meter calibration. The three smaller meters exhibit
a slightly larger degree of scatter.

The analysis above was performed for the data from the two 26” meters taken
together. The results are contained in Figures 8 and 9, the confidence interval width

is £ 0.512%.

When we consider the uncertainty of the laboratory it is clear that the V-Cone meters
tested meet a level of uncertainty comparable or better than all other gas meters.

12. Equation used to estimate Cq4 value from a tested Cy4 value
from a similar meter.

Using the Flow Equation for a V-Cone, under constant conditions it can be simplified
to be:

" Kyl-b*
d M T o 2
D%b?
From this equation a value for K for the meters, which were calibrated, can be

derived. This value of K and the measured values of D and b can then be used to
establish a Cy value for the untested meters

13
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13. Conclusions

13.1 The CEESI lowa Test Facility was an excellent laboratory for testing the
large V-Cone meters over a wide flow range

13.2 The results of the individual V-Cone meter tests exceeded the expectation of
the meter manufacturer and ranged from an uncertainty of +/- 0.118 % to +/-
0.203% for the individual meters.

13.3 Two “identical” 26”(660mm) meters were manufactured and tested and the
total spread for all the test points was +/- 0.55%.

13.4 A simple test formula was presented to correct the Cgq4 value for the meters,
which were not tested.
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APPENDIX

Application sizing for all the Meters Tested
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